The expression of ion channels is regulated by their synthesis as well as degradation, and some ion channels are degraded in an expression level-dependent way. Recently, new techniques of fluorescent proteins have been developed and seem to be useful to study protein degradation. To examine the regulation of the degradation of strongly inwardly rectifying potassium channel (Kir2.1) and the usefulness of the fluorescent proteins, we 
Introduction
To maintain the excitability and ion balance of cells, the expression of ion channels is tightly regulated through synthesis, intracellular transport, posttranslational modification, and degradation. Recent reports showed dynamic and compensatory mechanisms of mRNA synthesis (Bergquist et al., 2010; Schulz et al., 2006) and surface delivery (Boyer et al., 2009; Dart and Leyland, 2001; Schachtman et al., 1992) of potassium channels in neurons. In addition to them, degradation also regulates the expression of ion channels. For instance, the impaired degradation of renal epithelial Na + channels results in Liddle syndrome (Rotin, 2008) . The intrinsic excitability of neurons is regulated in a homeostatic way, in which intrinsic excitability and synaptic inputs change to maintain appropriate firings (Turrigiano et al., 1994) . Indeed, temporal lobe epilepsy upregulated the Kir2 channels (Young et al., 2009) , and neuronal activity elevated the surface expression of G-protein-activated inwardly rectifying K + channels (Chung et al., 2009 ). Ablation of auditory input decreased the expressions of Kv1.1 and Kv3.1 (Lu et al., 2004) . Furthermore, degradation is shown to be involved in the activitydependent regulation of expression of Na + channels (Paillart et al., 1996) . The 293T cells are derived from the kidney, which expresses several K + channels (Giebisch et al., 2003) including Kir2.1 (Leichtle et al., 2004; Raab-Graham et al., 1994) . Interestingly, regulated degradation machinery seems to be retained in 293 cells. Indeed, human ether-a-go-go-related gene (HERG) K + channel was degraded in a K + conductancedependent way in the HEK293 cells (Massaeli et al., 2010) . Therefore, it is expected that 293T cells retain the regulated degradation mechanism. Conventionally, protein degradation has been studied by radioisotope pulse-labeling followed by immunoprecipitation with a specific antibody against the protein of interest (pulsechase experiment). This approach, however, requires costly radioisotopes and reliable antibodies, and is difficult to implement in vivo. Alternatively, cycloheximide (CHX) has been used to block the de novo synthesis of proteins, and so to estimate half-lives in vitro. This method also needs reliable antibodies, and the toxicity of CHX makes it impossible to examine proteins with long half-lives. Recently, new fluorescent proteins and methods of chemical labeling have been developed (Miller and Cornish, 2005) . The SNAP tag, a mutant of a catalytic domain of a DNA-repairing protein, O 6 -alkylguanine-DNA-alkyltransferase, can covalently bind to specific substrates including fluorescent dyes (Johnsson, 2009; Keppler et al., 2002) . Therefore, the fusion of a SNAP tag to a protein allows for pulse-labeling with fluorescence instead of a radioisotope. In addition, fluorescent timer (FT), a mutant of red fluorescent protein, is initially synthesized as a protein with green fluorescence and gradually matures into a red fluorescent protein. The green-to-red conversion is spontaneous and very slow; it takes 10 h for half of FT proteins and 50 h for all FT proteins to convert (Terskikh et al., 2000) . This spontaneous and slow conversion allows us to monitor the "youth" of FT-fused proteins. Given that the degradation is accelerated, proteins are degraded before turning red and so the green/red ratio should be higher. Thus, the green/red ratio of FT is expected to be useful for detecting the changes in protein degradation.
Strongly inwardly rectifying potassium (Kir2.1) channels are tetramers with each subunit having two transmembrane domains, a pore-forming region, and N-and Cterminal cytoplasmic domains (Kubo et al., 1993) . Kir2.1 channels are expressed in heart, kidney, and brain, and play pivotal roles in intrinsic excitability. Their physiological relevance is evident from the severe phenotypes of mutants of Kir2.1. A loss of function mutation of Kir2.1 resulted in Andersen-Tawil syndrome with long QT syndrome, ventricular arrhythmia, and physical abnormalities of the head, face, and limbs (Andelfinger et al., 2002; Plaster et al., 2001 ). Curiously, a gain of function mutation of Kir2.1 also resulted in arrhythmia. Familial atrial fibrillation is linked to a mutation which increases conductance of Kir2.1 (Xia et al., 2005) . The transgenic overexpression of Kir2.1 resulted in a slower heart rate and atrial fibrillation in mice (Li et al., 2004) . These findings indicate the importance of accurate regulation of Kir2.1. Recent studies have shown that the channel is degraded through lysosomal pathway (Feliciangeli et al., 2010; Jansen et al., 2008; Vos and van der Heyden, 2011) . Since the lysosomal degradation of Na + channels is regulated in an activity-dependent way (Paillart et al., 1996) , degradation of Kir2.1 might be dependent on the current level.
In this report, to investigate the degradation of Kir2.1 with fluorescence, we constructed SNAP-Kir2.1 and FT-Kir2.1. Using these methods, we found that higher expression and larger currents accelerated the degradation of Kir2.1 and usefulness of the fluorescent proteins.
Results

2.1.
Change in the degradation rate of SNAP-Kir2.1 depending on expression level
To test the hypothesis that the expression of Kir2.1 is regulated by degradation depending on the expression level, we constructed the SNAP-Kir2.1 fusion gene and cloned it downstream of the CMV or SV40 promoters, and expressed them in 293T cells (Fig. 1A) . The CMV promoter is more potent than the SV40 promoter in 293T cells. To further enhance expression, we attached the woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) to the 3′ of SNAP-Kir in the CMV promoter plasmid. We first examined the whole cell conductance of the cells transfected using the SV40 and the CMV promoters (Fig. 2) . Expectedly, 24 h after transfection, the whole cell conductance of SV40 plasmid cells was significantly lower than that of CMV promoter. Interestingly, 48 h after transfection, the whole cell conductance was comparable between high and low expression cells. If the abilities of these promoters did not change over time, this result suggests that the half-lives of Kir2.1 were different depending on the expression level.
We next attempted to measure the half-life. We pulselabeled the SNAP-Kir2.1 with a membrane-permeable fluorescent substrate for the SNAP tag, SNAP-cell-TMR-Star, 24 h after the transfection. SNAP-cell-TMR-Star covalently binds to the SNAP tag domain (Fig. 1A) . After the washing-out of unbound dye for 2 h, we examined it microscopically and found that the SNAP-Kir2.1 fusion protein was successfully labeled in both cells transfected using the SV40 and the CMV promoters (Fig. 3A) . The fluorescence of the cells transfected with the CMV promoter plasmid was significantly higher than that of the cells transfected with the SV40 promoter plasmid as we observed in whole cell current. Reportedly, HEK293 cells endogenously express the O 6 -alkylguanine-DNA-alkyltransferase (Keppler et al., 2004) , but the background fluorescence was negligible compared with SNAP-Kir2.1 (data not shown). This is probably due to the high level expression of SNAP-Kir2.1 and the 20-fold higher activity of the mutant SNAP-tag, which we used here.
Initially, the fluorescence was mostly located at the plasma membrane of 293T cells in both cases, but some intracellular, punctuated fluorescence was observed in the CMV promoter-transfected cells (Fig. 3A) . The intensity of the fluorescence decreased over time. In the high-expression cells transfected with the CMV promoter plasmid, most SNAP-Kir2.1 proteins were internalized from the plasma membrane and the fluorescence was punctuated 24 h after labeling. In the low-expression cells transfected with the SV40 promoter plasmid, most SNAP-Kir2.1 proteins were still located at the plasma membrane 24 h after the labeling, and some even after 48 h. We measured the fluorescence in the whole area of each cell and estimated the half-lives of the SNAP-Kir2.1 protein expressed by the two promoters (Fig. 3B) . The fluorescence decreased faster in the high-expression cells than low-expression cells. The half-life was significantly shorter in the high-expression cells (18.271.9 h) than in the low-expression cells (35.172.3 h, n¼ 5, po0.0005, Student′s Fig. 2 -Initial difference and convergence of whole cell Kir conductance. After the transfection of SNAP-Kir2.1 expressing plasmids, we randomly selected and recorded from 293T cells without staining with SNAP-specific fluorescent dye. The typical efficacy of transfection was 70%. As 293T cells express no Kir current endogenously, transfected cells were easily distinguished from untransfected cells. The superfusing artificial CSF (aCSF) contained (in mM): NaCl 131, KCl 2.75, NaH 2 PO 4 1.1, NaHCO 3 26, glucose 12, CaCl 2 2.5, and MgCl 2 1.3, and was equilibrated with 95% O 2 -5%, CO 2 (pH 7.4). The whole cell currents evoked with the ramp pulse (top panel). The whole cell conductance was estimated as the slope of the currentvoltage relation from À150 to À110 mV. The whole cell conductance of SNAP-Kir2.1 expressed by SV40 promoter plasmid was significantly smaller than that of CMV plasmid cells after 24 h (po0.05, Student′s t-test, n ¼ 5), but there was no difference 48 h after transfection. t-test) (Fig. 3C ). This result supports a hypothesis that a high level of Kir2.1 accelerates its own degradation.
Microscopic measurement of fluorescence intensity can be affected by cell division, i.e., the density of labeled SNAPKir2.1 might be decreased by half with a cell division. To eliminate this possibility, we examined the time course of the fluorescence of SNAP-Kir2.1 with a SDS-PAGE analysis, in which cell division does not affect the decrease. The fluorescence decreased in a similar time course (Fig. 4) . The half-life of SNAP-Kir2.1 with the CMV promoter was 19.672.4 h (n ¼3), which is comparable to that on microscopic estimation (18.2 h), suggesting a minor contribution of cell division. The SNAP-Kir2.1 fusion proteins were expressed with the plasmids of the SV40 or CMV promoters and pulse-labeled with SNAP-cell-TMR-Star 24 h after transfection. The cells were fixed at 2, 24, and 48 h after the pulse-labeling. Bar 50 μm. (B) Differences in the expression level. The fluorescence levels were significantly higher in the cells with the CMV promoter than those with the SV40 promoter (po0.00001, Student′s t-test). Each data point indicates the mean fluorescence of 30 cells. The decrease in the fluorescence was fitted by an exponential function (dashed line), and the half-life was estimated according to the fitting curve. (C) Difference in the half-life. The half-lives of the SNAP-Kir2.1 proteins were estimated with the fitting curve from five independent experiments. The half-life in the high expression cells (CMV) were significantly shorter than that in low expression cells (SV40) (po0.005, Student′s t-test).
2.2.
Current-dependent acceleration of the degradation of Kir2.1
These findings raise a question about the current or the amount of Kir2.1, which accelerates Kir2.1 degradation. To test this, we added 0.3 mM BaCl 2 to the medium after wash out of SNAP-Cell-TMR-Star and examined the effect on the decrease in fluorescence (Fig. 5A) . Such low concentrations of Ba 2+ are known to suppress K + currents, especially currents flowing through Kir2.1 channels (Sakmann and Trube, 1984) . The addition of Ba 2+ significantly slowed the decrease in fluorescence (Fig. 5A) , and prolonged the half-life to 38.873.8 h ( Fig. 5B and E) . As a negative control, we expressed SNAP-β 2 -Adrenoceptors and found no effects of Ba 2+ on their degradation (Fig. 5C ). To further examine the dependency of the degradation on current, we constructed a SNAP-tagged mutant of Kir2.1, E224G. E224G is less sensitive to physiological intracellular blockers (Mg 2+ and polyamines) than wildtype Kir2.1: larger outward currents flow under physiological conditions (Yang et al., 1995) . The expression level of E224G was 30% higher than that of wild-type. Kir2.1-E224G was degraded faster than the wild type (Fig. 5A) , and the half-life was shortened to 9.670.7 h (n¼ 4)( Fig. 5D and F) . To further test the current-dependency, we mutated the K + ion selective filter sequence GYG to AAA. This mutation results in a dominant-negative form of Kir2.1 (Fig. 1A) . The half-life of dominant-negative form of Kir2.1 was elongated to 34.973.2 h (Fig. 5F ), which is comparable to that of Ba 2+ treated wild-type channel. These results suggest that the degradation is regulated by the current through Kir2.1 rather than the amount of the channel proteins.
To exclude the possibility that the membrane potential is the determinant for the protein degradation rate, we measured the resting membrane potentials of CMV-and SV40-promoter plasmids transfected cells. There are no significant difference in the CMV-and SV40-promoter plasmids transfected cells (À89.5+2.6 and À88.271.3 mV (24 h), À88.8+4.0 and À88.573.9 mV (48 h), respectively, n¼ 4), suggesting that membrane potential is not the determinant of the degradation rate.
To confirm the current dependency in a different way, we added CHX (10 μg/ml) to block the de novo synthesis of proteins. Blockade of protein synthesis should have similar effect to the current blockade. As described above, the SNAPKir2.1 proteins were internalized from the plasma membrane in the absence of CHX, whereas they still stayed at the plasma membrane 24 h after the addition of CHX (Fig. 6A) . The CHX treatment prolonged the half-life to 44.176.3 h (n ¼4) (Fig. 6B) . These results support the possibility that the excess Kir2.1 channels are readily degraded.
If Kir current shortens the half-life of the channel, we expect that current blockade should increase the functional channels. To test this physiologically, we cultivated 293T cells, transfected them with CMV promoter SNAP-Kir2.1 plasmid, in the presence or absence of Ba 2+ and measured the whole cell conductance 24 and 48 h after transfection (Fig. 7) . Expectedly, the whole cell conductance was significantly higher in the Ba 2+ treated cells, suggesting that the blockade increased the functional Kir2.1 channels. These findings raised the question of whether the degradation of Kir2.1 is accelerated specifically by Kir current or not. To test this, we prepared a 293T cell line, 142-3, which stably expresses SNAP-Kir2.1, using a lentiviral vector as described previously (Okada and Matsuda, 2008 ). Then we transfected plasmids which express GFP, Kv2.1, or Kv4.2 Fig. 4 -Half-life of fluorescence analyzed by SDS-PAGE. The 293T cells transfected with SNAP-Kir2.1 plasmids were labeled with SNAP-cell-TMR-Star as described above. The cells were harvested 2, 6, 24, 48, and 72 h after labeling and homogenized in 500 μl of PBS containing a proteinase inhibitor cocktail (Calbiochem, La Jolla, CA). We applied 15 μl of each homogenate to an SDS-polyacrylamide gel. The fluorescence in the gel was analyzed directly with a Typhoon 9000 (GE healthcare, Little Chalfont, UK). The graph represents the normalized value and SEM of three experiments. b r a i n r e s e a r c h 1 5 2 8 ( 2 0 1 3 ) 8 -1 9 (Fig. 1C) . In the GFP coexpressing 142-3 cells, the half-life of the SNAP-Kir2.1 is 54.877.7 h, which was longer than that of transient expression with plasmids. This is probably due to the low expression level of SNAP-Kir2.1 in this cell line. The coexpression of Kv1.4 not-significantly shortened the half-lives of SNAP-Kir2.1 compared with that of only GFP expressing cells (Fig. 5G) . Coexpression of Kv2.1 significantly shortened the half-life to 32.672.6 h (po0.05, n¼4). Thus, there might be a heterologous acceleration of degradation among K + channels.
The green/red ratio of FT-Kir2.1 confirmed the current-dependent acceleration of Kir degradation
The spontaneous conversion of FT fluorescence should allow us to monitor the changes in the rate of degradation of FTKir2.1. We established a 293T cell line, 116-5, which stably expresses FT-Kir2.1, using a viral vector as described previously (Okada and Matsuda, 2008) . The green fluorescence, i.e. from young FT-Kir2.1 proteins, was diffusely located at the plasma membrane in the control (Fig. 8A) . Contrastingly, the yellow and red fluorescence, from old proteins, was punctuated, and some of them were internalized, indicating the temporal mobilization of FT-Kir2.1. We next examined the effect of CHX on the fluorescence in this line. Expectedly, no green fluorescence was observed in the CHX-treated cells, and most red fluorescence was still localized to the plasma membrane 24 h after. The CHX-treatment gradually decreased the green/red ratio (Fig. 8B) , confirming the spontaneous conversion of the fluorescence of FT-Kir2.1. The control cells showed no change in the green/red ratio 24 and 48 h later, suggesting that the FT-Kir2.1 proteins were stably synthesized and degraded in the 116-5 cell line.
To verify that the FT-fusion method can monitor the changes in the half-life, we added BaCl 2 , which slowed SNAP-Kir2.1′s degradation, to the medium of 116-5 cells. As shown in Fig. 8A and C, Ba 2+ significantly decreased the green/red ratio 24 and 48 h after its addition. This again suggests current-dependent degradation and verifies the usefulness of FT-fusion methods to detect changes in the protein degradation rate. 3.
Discussion
Here, we have shown the homeostatic changes in the half-life of Kir2.1. When SNAP-Kir2.1 channels were expressed by the low and high expression promoters, the whole cell conductance was initially different, but became similar over time. This result suggests that the degradation rate may change depending on the expression level. To test the changes in half-life, we carried out the pulse-chase experiments of SNAP-Kir2.1 using again the low and high expression promoters. Expectedly, the half-life was shorter in the highexpression cells than that in the low-expression cells. Similarly, the blockade of protein synthesis prolonged the half-life. To test the amount or the current of the channel which is the determinant for the degradation rate, we added a selective blocker for Kir2.1, Ba
2+
, to the culture medium and found an elongation of the half-life of SNAP-Kir2.1 and lower green/red ratio of FT-Kir2.1. This was the case for the dominant-negative form of Kir2.1. Conversely, the hyperconductive E224G mutation accelerated the channels′ degradation, indicating a crucial role of Kir2.1 currents in the acceleration of degradation. Finally, cultivation with Ba 2+ increased the whole cell conductance of Kir2.1, suggesting that the excessive Kir2.1 channels are readily degraded to maintain the current homeostatically.
Here we used heterologous expression system, i.e., viral promoters (CMV and SV40) and 293T cell line derived from the kidney. It might be unexpected that 293T cells have such regulation mechanism. But, reportedly, heterologous reconstitutions could reproduce the regulated internalization and degradation of Ih (Santoro et al., 2004) , NMDA receptor (Kato et al., 2005) , Na + (Rougier et al., 2005) , and HERG (Guo et al., 2009 ) channels in 293T cells. Although we cannot directly discuss the degradation system in neurons with our findings in 293T cells, this cell line seems to retain the regulated degradation of renal cells and share some common features with neurons at least in part.
The current-dependent acceleration suggests an existence of K + efflux sensor that regulates the degradation of Kir2.1 channels. Similarly, Komwatana et al. (1998) suggested an intracellular Na + sensor that regulates the epithelial Na + channels in mandibular duct cells. Reportedly, the endocytosis of low density lipoprotein was dependent on the intracellular K + (Larkin et al., 1986) , supporting the existence of a K + efflux sensor. It is an intriguing problem whether or not acceleration of the degradation is specific to Kir2.1. Our data showed that the coexpression of Kv channels shortened the half-life of SNAP-Kir2.1. We previously found that the overexpression of Kir2.1 downregulated the expression of delayed rectifying K + current (Okada and Matsuda, 2008) .
There might be a heterologous acceleration of K + channel degradation.
New methods to study protein degradation
We used two methods to examine protein degradation. The pulse-labeling of the SNAP tag with SNAP-cell-TMR-Star enabled us to examine the temporal decrease in SNAPKir2.1. This allowed us to estimate the half-life of the fusion protein with a microscopic analysis instead of radioisotopelabeling. Recently similar chemical tagging techniques were used to detect the synthesis of fusion proteins (Dieterich et al., 2010; Keppler et al., 2002 ) and internalization of a K + channel (Kohl et al., 2011) . Our data demonstrate the usefulness of the fluorescent technique for examining the protein degradation.
The fluorescence of FT converts from green to red spontaneously and slowly; therefore, it has been used to detect the temporal mobilization of FT-fused protein (Subach et al., 2009) . We showed here the usefulness of FT-fusion method to detect changes in the degradation rate. The green/red ratio of the FT-fusion protein was decreased when the protein degradation was slowed by CHX and current blockade. During the preparation of this manuscript, Khmelinskii et al. (2012) reported that the FT method is useful for the examination of protein degradation using a different version of FT. They claimed that their FT, tandem FT, is brighter than the FT we used here. Since brightness is an important factor for in vivo . We then evoked the Kir2.1 current with the ramp pulse described in Fig. 2 , and estimated whole cell conductance with the slope from À150 to À110 mV from five cells. BaCl 2 treatment significantly increased the conductance at 25 and 48 h (po0.05, Student′s t-test). According to the difference in the extracellular K + concentration, the mean whole cell conductance was smaller than that of Fig. 2 .
examination, the use of the tandem FT should also be considered for the future work. Our methods require the construction of fusion proteins, which may affect the channel′s properties or interfere with their interaction with other proteins. Indeed, contribution of N-terminal domain for the post-Golgi trafficking of Kir2.1 was reported (Stockklausner and Klöcker, 2003) , and AKAP can bind to N-terminal domain (Dart and Leyland, 2001 ). However, a previous study (Hayashi and Matsuda, 2007) showed that the GFP fusion to the N-terminus of Kir2.1 did not affect the channel′s properties at the single channel level. Moreover, the motifs for the possible interaction with proteins; i.e., PSD93 (Nehring et al., 2000) , AKAP (Dart and Leyland, 2001) , and the ER export signal (Ma et al., 2001; Stockklausner et al., 2001) , are located in the C-terminal domain of Kir2.1. Thus, it is unlikely that the N-terminal fusion of the fluorescent proteins affected the degradation of Kir2.1. We, however, cannot completely exclude the possibility that the N-terminal Conventionally, protein degradation has been studied biochemically using a radioisotope or CHX in combination with specific antibodies. Recently, pulse-chase experiments were carried out using photoactivatable fluorescent proteins (Fuchs et al., 2010; Zhang et al., 2007) . Methods employing SNAP and FT have advantages: they (1) do not need antibodies, radioisotopes, CHX, or photoactivation; (2) can examine protein degradation in a single living cell; and (3) can distinguish old from new proteins by fluorescence wavelength. Indeed, a recent study (Subach et al., 2009) showed the temporal mobilization of LAMP-2A using FT. Thus the SNAP and FT-based methods would seem to have a variety of applications. A malfunction of regulatory degradation may result in some renal, cardiovascular, and neuronal diseases. The application of our methods in animal models will be useful to elucidate this possibility.
4.
Experimental procedures
cDNAs and antibodies
The cDNA for mouse Kir2.1 was generously provided by Dr L.Y. Jan (Kubo et al., 1993) . The cDNA for SNAP, which is the mutant of the O 6 -alkylguanine-DNA alkyltransferase, and FT were purchased from NEB (Ipswich, MA) and Clontech (Mountain View, CA), respectively. The plasmids which express Kv1.4 and Kv2.1 were donated by Dr. Nerbonne (Washington University, St. Louis, MO). phrGFP-II, which expresses only GFP, was purchased from Stratagene (La Jolla, CA).
4.2.
Plasmid construction and transfection SNAP-Kir and FT-Kir were constructed by PCR and the nucleotide sequences were checked thereafter. The SNAPKir2.1 gene was then cloned into pSVL (GE Healthcare, Little Chalfont, Buckinghamshire, UK) and CSII-CMV-MCS (donated from Dr. Miyoshi, Riken, Ibaraki, Japan). For the dominantnegative form of Kir2.1, the signature sequence GYG (143-145) was mutated to AAA by PCR. The E224G mutation was also introduced by PCR. The mutated SNAP-Kir2.1 genes were introduced to CSII-CMV-MCS. The plasmids were transfected into 293T cells (purchased from RIKEN BioResource Center, Ibaraki, Japan) with the calcium-phosphate method. Plasmids (3 μg) dissolved in 150 μl of 0.25 M CaCl 2 was added to equal volume of 2 Â HBS, and the mixture was added to the 35 mm dish. The cells were washed twice with PBS 5 h after and incubated at 37 1C for up to 72 h in the presence or absence of 0.3 mM BaCl 2 dissolved in the medium. The FT-Kir2.1 was expressed by pcDNA3.1 plasmid containing CMV promoter (Invitrogen, Carlsbad, CA). The lentiviral vector for SNAP-Kir2.1 was prepared as described previously (Okada and Matsuda, 2008) . The Moloney retroviral vector for FT-Kir2.1 was prepared as described previously (Lin et al., 2010) . Using these viral vectors, we established the 142-3 and 116-5 cell line with the limited dilution of infected 293T cells.
Fluorescent labeling with SNAP-cell-TMR-Star
The 293T cells were cultivated in DMEM containing 10% FBS and pencillin/streptomycin. SNAP-Kir2.1 was pulse-labeled with SNAP-cell-TMR-Star (2 μM) dissolved in DMEM for 45 min at 37 1C. The cells were washed twice with PBS, and further incubated in the medium for 2 h or more at 37 1C.
Microscopic analysis
For the confocal microscopic analysis, the 293T cells, cultivated in 35 mm dish, were fixed with 4% paraformaldehyde for 30 min at room temperature and washed with PBS. Then a coverslip was mounted with a drop of Fluoromount (Sigma, St. Louis, MO). The single plane images were taken with a confocal microscope (FV300, Olympus, Tokyo, Japan). The dichroic filter used for SNAP-Kir2.1 was rhodaminephalloidin. Those used for FT-Kir2.1 were EGFP and Texasred. Field of view was manually selected where cells were not degenerative or confluent and the fluorescence was not extremely bright. At the beginning of experiment, the parameters, i.e., laser intensity, gain, and offset value, were adjusted to prevent saturation. The parameters were kept in a series of experiments. When the fluorescence was analyzed, the whole cell area of each cell was manually selected and the average gray value was measured with ImageJ software without using internal standard. The average of gray value of 30 cells was presented as fluorescence in arbitrary unit (au) of the software. Because the background fluorescence was not subtracted, the fluorescence was somewhat overestimated. The degenerative cells, which are round, shrank, and extremely bright (Fig. 5A , allow), were not measured.
Electrophysiology
The coverslips, on which 293T cells were grown, were transferred to a recording chamber on the stage of an upright microscope (Olympus BX51WI, Tokyo, Japan). The cells were viewed under Nomarski optics with a 60 Â water immersion objective. The composition of superfusing solutions is shown in the Figure Legend . Whole-cell currents were recorded from 293T cells using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA) at 25.571.0 1C. Patch pipettes pulled from borosilicate glass (Narishige, Tokyo, Japan) were filled with an internal solution containing (in mM): K-aspartate 66, KCl 71.5, KH 2 PO 4 1, EGTA 5, Hepes 5, and K 2 ATP 3 (pH 7.4 adjusted with KOH). Records were digitized at 10 kHz, and low-pass filtered at 2 kHz. Ramp pulses of 800 ms from À150 to 10 mV were applied from a holding potential of À70 mV with a preceding step pulse of 100 ms at À150 mV. Whole-cell conductance was calculated as the slope of the currentvoltage relation from À150 to À110 mV. All experiments were approved by the committee of gene recombination experiments of Kansai Medical University.
